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SUMMARY 

This r e p o r t  summarizes t h r e e  ef for ts aimed a t  i n v e s t i g a t i n g  the  process 
o f  s e l f - p r o p a g a t i n g  h i g h  temperature syn thes i s  (SHS)  f o r  the  f a b r i c a t i o n  o f  
s t r u c t u r a l  ceramics and i n t e r m e t a l l i c s .  Of s p e c i a l  i n t e r e s t  was t h e  i n f l u -  
ence o f  p rocess ing  v a r i a b l e s  such as exo thermic  dopants, g r a v i t y ,  and green 
s t a t e  morphology i n  m a t e r i a l s  produced by SHS. 

I n  t h e  f i r s t  e f f o r t  d i r e c t e d  toward t h e  f a b r i c a t i o n  o f  S ic ,  exo thermic  
dopants of y t t r i u m  and z i r c o n i u m  w e r e  added t o  S i02  or Si02+NiO p l u s  carbon 
powder m i x  and processed by SHS. Th i s  approach was determined t o  be unsuc- 
cess fu l  s i n c e  
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I i t  d i d  n o t  produce t h e  d e s i r e d  p roduc t  o f  c r y s t a l l i n e  Sic. 

I n  t h e  second e f f o r t ,  t he  i n f l u e n c e  o f  g r a v i t y  was i n v e s t i g a t e d  by exam- 
i n i n g  N i - A 1  m i c r o s t r u c t u r e s  which w e r e  produced by SHS combustion waves t r a v -  
e l i n g  w i t h  and o p p o s i t e  t h e  g r a v i t y  d i r e c t i o n .  A l though f i n a l  compos i t i on  
and t o t a l  p o r o s i t i e s  of t h e  combusted N i - A 1  compounds were found t o  be g r a v i t y  
independent ,  i t  was observed t h a t  l a r g e r  pores were c r e a t e d  i n  those specimens 
which were combusted o p p o s i t e  t o  t h e  g r a v i t y  fo rce  d i r e c t i o n .  

F i n a l l y ,  i t  was found t h a t  green m i c r o s t r u c t u r e  has a s i g n i f i c a n t  e f f e c t  
on t h e  appearance o f  t he  combusted p i e c e .  
observed t o  a r r e s t  t h e  combustion f r o n t  for Tic samples. 

Severe p r e s s i n g  l a m i n a t i o n s  were 

INTRODUCTION 

Se l f -p ropaga t ing  h igh- tempera ture  s y n t h e s i s ,  or SHS, has p o t e n t i a l  t o  be 
a new s y n t h e s i s  method f o r  many ceramics and a l l o y s  which a re  o f  i n t e r e s t  t o  
NASA. The advantages o f  t h e  SHS method i n c l u d e  h i g h  p u r i t y  end-products  as 
t h e  h i g h  temperatures i n v o l v e d  vapor i ze  v o l a t i l e  i m p u r i t i e s .  Also, v e r y  
s h o r t  process t imes,  on t h e  o r d e r  of seconds o r  l e s s ,  a re  needed as opposed 
t o  hours  or days f o r  normal s i n t e r i n g .  F i n a l l y ,  SHS does n o t  r e q u i r e  a h i g h  
tempera ture  fu rnace  fo r  p rocess ing .  

For SHS, loose powder of two or more e lements or compounds a r e  mixed and 
may be formed i n t o  a shape ( a l t h o u g h  a t tempts  have a l s o  been made t o  c r e a t e  
n i t r i d e s  by m i x i n g  a s o l i d  w i t h  a gas or l i q u i d  ( r e f s .  1 and 2 ) .  Th i s  shape 
or l oose  powder m i x t u r e  i s  i g n i t e d  by a thermal  source such as an e l e c t r i c a l  
h e a t i n g  w i r e .  I g n i t i o n  r e s u l t s  i n  an a d i a b a t i c  chemical r e a c t i o n  between t h e  
e lements and/or  compounds. The heat  r e l e a s e  causes i g n i t i o n  of a d j a c e n t  pow- 
de r  r e s u l t i n g  i n  a combustion wave pass ing  th rough t h e  powder or shape leav -  
i n g  beh ind  a d i f f e r e n t  compound or a l l o y  than t h e  s t a r t i n g  m a t e r i a l s .  The 



a d i a b a t i c  temperature o f  t h e  r e a c t i o n ,  Tad, can be determined from t h e  fo l low- 
i ng equa t ion  

C ( s )  + AHf + 
AHTo P 

where A H T ~  i s  t h e  e n t h a l p y  a t  To, C p ( s >  and C p ( l )  a r e  the  hea t  c a p a c i t i e s  
of the  p roduc t  i n  i t s  s o l i d  and l i q u i d  s t a t e s ,  and AHf i s  t he  en tha lpy  of 
fusion a t  t h e  m e l t i n g  p o i n t  o f  t h e  p roduc t ,  Tm. Th is  g e n e r a l i z e d  equa t ion  i s  
for t h e  case when t h e  f i n a l  p r o d u c t  i s  comp le te l y  i n  t h e  l i q u i d  s t a t e .  I n  
many commonly i n v e s t i g a t e d  combust ion systems such as T ic  and T i B 2 ,  o n l y  par -  
t i a l  m e l t i n g  occurs ,  where Tm = Tad. I n  t h i s  case, t h e  second t e r m  of t h e  
above equa t ion  i s  rep laced  w i t h  V AHf,  where V i s  t h e  f r a c t i o n  of t h e  prod-  
u c t  i n  t h e  l i q u i d  s t a t e .  I t  has been e m p i r i c a l l y  found t h a t  a Tad of 
2000 "C i s  necessary t o  e a s i l y  i g n i t e  a specimen ( r e f .  1 ) .  Th i s  has made i t  
d i f f i c u l t  to  produce m a t e r i a l s  by t h e  SHS process from weakly exo thermic  sys- 
tems such as S i  + C. 

I n  1984, NASA Lewis Research Center  and Los Alamos N a t i o n a l  Labora to ry  
(LANL) under took  a j o i n t  p r o j e c t  e n t i t l e d  " S o l i d  S t a t e  Combustion Syn thes i s  
o f  Ceramics and Alloys i n  Reduced G r a v i t y " .  Th i s  p r o j e c t ,  proposed by LANL, 
p r i m a r i l y  i n v o l v e d  mode l ing  e f f o r t s  and sample p r e p a r a t i o n  on the p a r t  of 
LANL w i t h  NASA Lewis a n a l y z i n g  m i c r o s t r u c t u r e s  o f  specimens p r o v i d e d  by 
LANL. Th is  r e p o r t  w i l l  summarize NASA Lewis e f f o r t s  on t h i s  p r o j e c t .  LANL 
e f f o r t s  a r e  r e p o r t e d  elsewhere ( r e f .  3 ) .  The NASA Lewis e f f o r t  f e l l  i n t o  
t h r e e  c a t e g o r i e s .  The f i r s t  e f f o r t  was a n a l y s i s  o f  p o t e n t i a l  new ceramic 
m a t e r i a l s  developed by  LANL. Severa l  systems were a t tempted which were 
expected t o  form Sic based compos i t ions .  

Sic i s  an i m p o r t a n t  cand ida te  f o r  h i g h  tempera ture  a p p l i c a t i o n s  and so 
has been s t u d i e d  a t  Lewis f o r  a number o f  yea rs .  A s  Si+C+S iC  i s  o n l y  a weakly 
exo thermic  r e a c t i o n  (Tad = 1502 "C) ,  i t  i s  d i f f i c u l t  to  i n i t i a t e  i g n i t i o n .  
However, t h e r e  have been seve ra l  success fu l  a t tempts  t o  f a b r i c a t e  S i c  ( r e f s .  4 
t o  6). One method has been to  u t i l i z e  h i g h  p ressu re  t o  inc rease  the  i g n i t i o n  
a rea  i n  o r d e r  t o  enhance t h e  r e a c t i o n  ( r e f .  4 ) .  Another  method has been t o  
use nonstandard i g n i t i o n  methods such as those r e p o r t e d  by  Yamada e t  a l .  
( r e f .  5) and Wei ( r e f .  6) which b o t h  produced powders. These e f f o r t s  i n v o l v e d  
a t tempts  t o  make pure  Sic. I n  t h e  c u r r e n t  s tudy ,  i t  was a t tempted to f a b r i -  
c a t e  a composi te  m a t e r i a l  based on Sic w i t h  a second phase. The second phase 
was one w i t h  a h i g h  hea t  o f  f o r m a t i o n  which was hoped would a c t  as an energy 
source f o r  a s tandard  i g n i t i o n  p r e s s u r e l e s s  r e a c t i o n .  
sure  methods o f  f a b r i c a t i o n  was cons idered u s e f u l  as e x p u l s i o n  of adsorbed 
gases from t h e  powder su r faces  w h i l e  under p ressu re  i s  a d i f f i c u l t  p rob lem to 
dea l  w i t h  e x p e r i m e n t a l l y .  A lso ,  a second phase can a c t  as a s t r e n g t h e n i n g  
mechanism ( r e f .  7 )  f o r  s t r u c t u r a l  ceramics.  Sic has been e x t e n s i v e l y  i n v e s t i -  
ga ted  f o r  the  p a s t  20 years  f o r  s t r u c t u r a l  a p p l i c a t i o n s .  The m i c r o s t r u c t u r e s  
o f  the  r e s u l t a n t  m a t e r i a l s  a r e  d iscussed i n  t h e  f i r s t  s e c t i o n  of the  Resu l t s  
p o r t i o n  o f  t h i s  r e p o r t .  

Avoidance of h i g h  pres-  

The second area i n v o l v i n g  NASA Lewis was a n a l y s i s  o f  severa l  specimens 
which were i g n i t e d  from e i t h e r  t h e  t o p  or bo t tom o f  Ni-A1 samples. 
was to  suppor t  LANL mode l ing  e f f o r t s  by S .  
Ni-A1 compos i t ions  were chosen because Tad > Tm, so m e l t i n g  would occu r  

T h i s  work 
Valone on the  e f f e c t  of g r a v i t y .  
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I .  

d u r i n g  combustion and thus  i nc rease  t h e  l i k e l i h o o d  of  o b s e r v i n g  an e f f e c t  of 
g r a v i t y  v i a  b u l k  flow. 
s o l i d  s t a t e  r e a c t i o n  where Tad < Tm, or perhaps n o t  even i n  a r e a c t i o n  w i t h  
a smal l  amount o f  l i q u i d ,  where Tad = Tm, due t o  the  i n f l u e n c e  o f  c a p i l l a r y  
fo rces .  The N i - A 1  s y s t e m  has r e c e n t l y  been e x t e n s i v e l y  i n v e s t i g a t e d  by 
P h i l p o t ,  Mun i r  and Holt ( r e f .  8). M i c r o s t r u c t u r a l  examinat ion  was to  search 
for e f f e c t s  of  g r a v i t y  on t h e  r e s u l t a n t  m i c r o s t r u c t u r e .  

One would n o t  expect  t o  see  an e f f e c t  o f  g r a v i t y  i n  a 

The l a s t  ca tegory  was a NASA Lewis i n i t i a t e d  e f f o r t  t o  b e t t e r  unders tand 
t h e  e f f e c t  o f  green m i c r o s t r u c t u r e  on the  combusted m i c r o s t r u c t u r e  of T ic .  
Th is  work looked s p e c i f i c a l l y  a t  t he  e f f e c t  o f  p r e s s i n g  l a m i n a t i o n s .  
aspec ts  of green p rocess ing  e f f e c t s  on SHS have been s t u d i e d  by o t h e r s  
( r e f .  9 ) .  

Other  

EXPERIMENTAL PROCEDURE 

The b u l k  of  the  specimens i n  t h i s  s tudy  were prepared a t  LANL by s tand-  
a r d  SHS techn iques .  These specimens inc luded  t h e  samples des igned t o  produce 
Sic p l u s  a second phase as w e l l  as the  Ni-A1 samples. Reagent grade raw mate- 
r i a l s  were mixed toge the r  by  hand, pressed i n t o  p e l l e t s  which w e r e  r i g h t  c i r -  
c u l a r  c y l i n d e r s  o f  2 cm i n  h e i g h t  by 1 cm i n  d iameter .  
then i g n i t e d  by a tungs ten  w i r e  p o s i t i o n e d  above the  sample so t h a t  t h e  com- 
b u s t i o n  wave t r a v e l e d  a long  t h e  l onges t  d imension o f  t h e  p e l l e t .  The p e l l e t s  
s a t  on a g r a p h i t e  s t r i p .  Combustion occu r red  i n  a t  a s l i g h t l y  n e g a t i v e  pres-  
sure  w i t h  about  one ppm 02 p resen t .  The power source had a 500 A c a p a c i t y .  
I g n i t i o n  c o n d i t i o n s  and temperatures a re  n o t  a v a i l a b l e .  Samples d imensions 
were o b t a i n e d  and the  samples were then sent  t o  NASA Lewis.  Once a t  Lewis,  
t h e  specimens w e r e  sec t i oned  l o n g i t u d i n a l l y  th rough t h e  c e n t e r  o f  t h e  Sam- 
p l e s .  X-ray d i f f r a c t i o n  a n a l y s i s  was per formed on powder which was ground 
from one o f  these sec t i oned  ha lves .  The o t h e r  h a l f  was mounted and p o l i s h e d  
for me ta l l og raphy  and mic roprobe a n a l y s i s .  

These p e l l e t s  w e r e  

Specimens which w e r e  p repared a t  Lewis were T I C  and were  t r e a t e d  i n  a 
s i m i l a r  manner t o  t h e  LANL specimens. 
wet mixed i n  a m i l l  and w i l l  be d iscussed f u r t h e r  i n  a subsequent s e c t i o n .  
Combustion was c a r r i e d  o u t  i n  a f l o w i n g  argon atmosphere, b u t  i g n i t i o n  was 
i n i t i a t e d  on a g r a p h i t e  s t r i p  r a t h e r  than by a tungs ten  w i r e .  
p l y  was a 500 A source. I g n i t i o n  was c a r r i e d  o u t  w i t h  5.5 V and 300 A .  The 
power was a p p l i e d  fo r  about  1 sec b e f o r e  i g n i t i o n  began. Power was shu t  off 
as soon as i g n i t i o n  occu r red .  

However, raw powders were d r y  mixed o r  

The power sup- 

RESULTS 

Ceramic Synthes is  

I n  a d d i t i o n  t o  examinat ion  o f  g r a v i t y  e f f e c t s  on t h e  SHS p rocess ,  t h e  
LANL research  i n c l u d e d  i n v e s t i g a t i o n  of the  syn thes i s  o f  new ceramics of 
p o t e n t i a l  i n t e r e s t  as s t r u c t u r a l  m a t e r i a l s .  I n  c o n j u n c t i o n  w i t h  t h i s  i n t e r -  
e s t ,  D r .  Rober t  Behrens and Henry Brush made a p r e s e n t a t i o n  ( r e f .  10) a t  t he  
DARPAIArmy Symposium on SHS i n v o l v i n g  c a l c u l a t i n g  e q u i l i b r i u m  phase diagrams 
and e q u i l i b r i u m  vapor compos i t ions  for the  Y-Si-C-0 and Zr-Si-C-0 systems. 
A s  Sic i s  an impor tan t  s t r u c t u r a l  ceramic,  i t  was suggested by D r .  James 
Smia lek of NASA Lewis t h a t  Sic cou ld  be prepared w i t h  Y2O3 or Zr02 as a 



second phase, bo th  o f  which a re  known to  have h i g h  heats  o f  f o r m a t i o n  i n  
ceramic s y s t e m s .  Also, Zr02 i s  known to be an e f f e c t i v e  toughening agent i n  
ceramic systems ( r e f .  7 ) .  A h i g h l y  exo thermic  r e a c t i o n  t o  c r e a t e  a second 
phase was necessary t o  evo lve  a l a r g e  amount o f  heat  as the  S i  + C + Sic reac-  
t i o n  a lone i s  o n l y  weakly  exo thermic .  I n  suppor t  o f  t h i s  work, samples were 
g i v e n  to  NASA Lewis for a n a l y s i s .  
f o l l o w i n g  r e a c t i o n s :  

The samples were expected to  rep resen t  the  

(1 )  4Y+3Si02+3C+ZY203+3SiC 

( 2 )  Zr+Si02+C+Zr02+SiC 

(3)  Si+ZNiO+Zr+C+SiC+ZrO2+Ni 

I n  these r e a c t i o n s ,  S i02  and N i O  a c t  as oxygen sources w i t h  N i O  a l e s s  
s t a b l e  source than S i02 .  S i02  i s  a l s o  a S i  source f o r  Sic. For each reac-  
t i o n ,  C was added as a carbon source f o r  S I C .  

Each sample was f i r s t  ana lyzed by x- ray powder d i f f r a c t i o n  t o  determine 
They were a l s o  examined by scanning e l e c t r o n  microscope t h e  phases p r e s e n t .  

(SEM) and by e l e c t r o n  mic roprobe.  

The x- ray r e s u l t s  for each system a r e  found i n  t a b l e  I .  These r e s u l t s  
i n d i c a t e  t h a t  c r y s t a l l i n e  S ic  was n o t  formed i n  any system. Reac t ion  1 and 3 
appeared t o  be t h e  most p r o m i s i n g  w i t h  a t  l e a s t  one o f  t h e  proposed end- 
p roduc ts  o c c u r r i n g  i n  each case, Y2O3 and Zr02, r e s p e c t i v e l y .  However, add i -  
t i o n a l  phases were a l s o  p r e s e n t .  YSi2 was found i n  t h e  case o f  t h e  Y-S i -C-0  
system i n  r e a c t i o n  1 and ZrC i n  t h e  N i - Z r - S i - C - 0  system i n  r e a c t i o n  3. 
Reac t ion  2 i n  t h e  Z r - S i - C - 0  system produced o n l y  Z r  and C acco rd ing  t o  x- ray 
r e s u l t s .  However, x-ray da ta  cannot  be i n t e r p r e t e d  t o  suggest S ic  does n o t  
e x i s t .  Poorly c r y s t a l l i z e d  o r  amorphous phases c o u l d  be p r e s e n t .  

By o p t  i c a l  m i  c roscopy , a1 1 samples appeared t o  be ve ry  i nhomogeneous . 
Ex tens i ve  areas o f  l a r g e  p o r o s i t y  were found ad jacen t  t o  dense areas .  
dense r e g i o n s ,  m i c r o s t r u c t u r e s  were mu l t i phase  and inhomogeneous. These 
s t r u c t u r e s  a re  shown i n  f i g u r e  1. E lementa l  mapping by e l e c t r o n  mic roprobe 
was performed t o  l e a r n  more about  these phases and t o  see if i n f e r e n c e s  c o u l d  
be drawn r e g a r d i n g  t h e  presence o f  p o o r l y  c r y s t a l l i z e d  or amorphous phases. 

W i t h i n  

F i g u r e  2(a)  c o n t a i n s  mapping r e s u l t s  f o r  t h e  Y-Si-C-0 system produced by 
r e a c t i o n  1 .  Th i s  i s  a r e p r e s e n t a t i v e  m i c r o s t r u c t u r e  w i t h i n  the  r e g i o n  shown 
i n  f i g u r e  1 .  The f i r s t  pho to  i s  a BSE pho to  showing an i n t e r e s t i n g  mic ro-  
s t r u c t u r e  and t h e  degree o f  inhomogenei ty  p resen t  i n  t h i s  sample. Mapping 
i d e n t i f i e d  t h e  w h i t e  a rea  i n  t h i s  pho to  as l o c a l i z e d  Ta i m p u r i t i e s .  
dense c e n t e r  r e g i o n  i s  a S i - Y - C  phase. The c e n t e r  phase i s  surrounded by a 
r e g i o n  w i t h  t h e  appearance o f  a e u t e c t i c  compos i t i on  o f  S i - Y - C .  
t h i s  phase i s  t h e  one i d e n t i f i e d  as YSi2 by powder d i f f r a c t i o n .  On t h e  o u t e r  
edge of t h i s  phase a r e  d i s c r e t e ,  angu la r  b l a c k  areas ,  t o t a l l y  d e f i c i e n t  i n  0 
and Y ,  b u t  c l e a r l y  c o n t a i n i n g  S i .  Carbon may be t h e r e  as w e l l .  On t he  o u t e r  
areas o f  the  photograph,  t h e  m a t r i x  i s  composed o f  Y and 0 w i t h  C p resen t  as 
w e l l  b u t  a t  a reduced c o n c e n t r a t i o n .  Th is  r e g i o n  may be composed p r i m a r i l y  
o f  t he  phase i d e n t i f i e d  as Y2O3 by x- ray d i f f r a c t i o n .  
mapping r e s u l t s  from a d i f f e r e n t  a rea  o f  t h e  same sample. Ta con tamina t ion  
e x i s t s  i n  t h i s  a rea  as w e l l .  I n  the  c e n t e r  o f  t h e  BSE photo  i s  a b l a c k  angu- 
l a r  phase which i s  composed o f  S i  and C .  Th i s  i s  p robab ly  the  same angu la r  

The 

P o s s i b l y  

F i g u r e  2 (b )  has t h e  
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b l a c k  phase p resen t  i n  t h e  p rev ious  f i g u r e .  A d d i t i o n a l l y ,  t h e  o u t e r  m a t r i x  
and i n n e r ,  e u t e c t i c - l i k e  compos i t ion  i n  t h i s  f i g u r e ,  appear i d e n t i c a l  t o  
those i n  t h e  p rev ious  f i g u r e .  I t  appears t h a t  p o o r l y  c r y s t a l l i z e d  or amor- 
phous Sic may e x i s t  i n  t h i s  sample as a d i spe rsed  phase i n  a Y-C-0 m a t r i x .  
Th i s  was the  o n l y  r e a c t i o n  f o r  which ev idence o f  Sic was found,  a l t hough  t h a t  
ev idence i s  by no means conc lus i ve .  P r e d i c t i o n s  by Behrens and Brush 
( r e f .  10) were based on t h e  f o r m a t i o n  o f  b i n a r y  phases o n l y .  The au tho rs  
a d m i t t e d  t h a t  t h e  e x i s t e n c e  o f  t e r n a r y  and qua te rna ry  phases would i n d i c a t e  
t h a t  t h e i r  phase s t a b i l i t y  d iagram "may n o t  be e n t i r e l y  c o r r e c t " .  The combus- 
t i o n  temperature o f  t h i s  sample was n o t  known, however a t  1 atm p ressu re ,  
Behrens and Brush p r e d i c t  YSi2, YC2, Sic and Y2O3 t o  form a t  temperatures 
below 2050 K .  
d i c t e d .  From 2100 t o  2500 K ,  YSi l .667,  YC2, Sic, and Y2O3 a re  p r e d i c t e d .  
On ly  Y2O3 and YSi2 w e r e  i d e n t i f i e d  by powder d i f f r a c t i o n  da ta .  

React ion  2, t h e  Zr-Si-C-0 system, produced a specimen g r e a t l y  d i f f e r e n t  
than d i d  the  f i r s t  r e a c t i o n .  I t  produced t h e  l e a s t  dense, most crumbly spec i -  
men o f  t h e  t h r e e  proposed r e a c t i o n s .  The p o l i s h e d  specimen i n  f i g u r e  1 shows 
t h a t  o n l y  i s o l a t e d  areas d e n s i f i e d .  Th is  suggests t h a t  t h i s  r e a c t i o n  was t h e  
weakest o f  the  t h r e e  w i t h  o n l y  a smal l  amount o f  m e l t i n g  o c c u r r i n g .  X-ray 
d o t  mapping was done on one o f  these i s o l a t e d  areas i n  f i g u r e  3. A BSE pho to  
shows t h a t  two phases e x i s t  i n  t h e  dense areas .  
s l i g h t l y  h i g h e r  c o n c e n t r a t i o n  o f  Z r  and S i  than  t h e  da rk  phase. Beyond t h a t ,  
more i n f o r m a t i o n  c o u l d  n o t  be ob ta ined .  
between 1200 and 1500 K and for pressures  between and 10 atm, a r e l a -  
t i v e l y  pure  r e g i o n  o f  Sic and Zr02 would be found.  No r e g i o n s  were p r e d i c t e d  
w i t h  Zr and C a lone  as i d e n t i f i e d  by x- ray d i f f r a c t i o n .  

A t  2050 t o  2100 K ,  YSi l .667,  YSi2, YC2, Sic, and Y2O3 a re  pre-  

The w h i t e  phase may have a 

Behrens and Brush p r e d i c t e d  t h a t  

The l a s t  system s t u d i e d ,  N i -Z r -S i -C-0 ,  l i k e  t h e  f i rst r e a c t i o n ,  produced 
a specimen w i t h  dense r e g i o n s  which were surrounded by p o r o s i t y  ( f i g .  1 ) .  
low m a g n i f i c a t i o n  ( ~ 5 0 0 )  BSE photo  i s  shown i n  f i g u r e  4 ( a > .  The sample 
c l e a r l y  c o n t a i n s  a t  l e a s t  t h r e e  and p o s s i b l y  f o u r  or more phases. 
c o l o r e d  p l a t e - l i k e  phase i n  a da rk  m a t r i x  as w e l l  as a second l i g h t  c o l o r e d  
phase which has a f i n e r ,  more sphero id  shaped morphology. Powder d i f f r a c t i o n  
i n d i c a t e d  t h a t  two or p o s s i b l y  t h r e e  phases e x i s t ,  Zr02, Z r C  and p o s s i b l y  e l e -  
mental  N i .  However, e lementa l  mapping d i d  not suppor t  t h e  e x i s t e n c e  o f  these 
phases. Oxygen and carbon were on ly  found abundant ly  i n  t h e  epoxy. The dark  
phase c o n t a i n s  b o t h  S i  and N i .  Zr i s  a s s o c i a t e d  w i t h  t h e  l i g h t  c o l o r e d  phases 
as w e l l  as S i  and N i .  A t  f i r s t  g lance ,  S i  and N i  appear t o  be f a i r l y  even ly  
d i s t r i b u t e d ,  b u t  on c l o s e r  i n s p e c t i o n ,  i t  can be seen t h a t  t h e r e  i s  an area  
d e f i c i e n t  i n  these elements t h a t  corresponds t o  the  sphere shaped l i g h t  col- 
o r e d  phase d i spe rsed  around a c i r c u l a r  c r a c k  i n  the  sample. 
by f i g u r e s  4(b)  and ( c )  which were done a t  h i g h e r  m a g n i f i c a t i o n .  
t h a t  t h e  l i g h t  p l a t e - l i k e  shaped phase c o n t a i n s  Z r ,  S i  and some N i ,  a l t hough  
l e s s  than  t h a t  i n  t h e  da rk  phase. The l i g h t  sphere shaped phase c o n t a i n s  Z r ,  
b u t  no S i  or N i .  I t  d i d  show ev idence o f  0 and C however. The l i g h t  phases 
may have produced the  Z r C  and Zr02 d i f f r a c t i o n  p a t t e r n s .  The da rk  phase i s  a 
S i - N i  m a t e r i a l  and i s  p robab ly  amorphous. Behrens and Brush d i d  n o t  model 
t h i s  r e a c t i o n .  

A 

A l i g h t  

Th is  i s  suppor ted  
These showed 

Whi le  these r e s u l t s  w e r e  i n t e r e s t i n g ,  t he  a t tempt  t o  f a b r i c a t e  a Sic 
based ceramic was n o t  success fu l .  I t  was expected t h a t  S i c  would be formed 
w i t h  a second phase o f  Y z O 3 ,  Zr02 or Zr02 w i t h  N i .  
p roduc ts  were n o t  formed. 
t e m  which may have produced some amorphous S ic .  

However, t he  expected end 

The mode l ing  done by Behrens 
The most p r o m i s i n g  r e a c t i o n  was t h e  Y-Si-C-0 sys- 
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and Brush d i d  n o t  s u c c e s s f u l l y  p r e d i c t  t h e  phases found,  p a r t i c u l a r l y  for t h e  
Zr-Si-C-0 system. A s  t h e  combustion temperature o f  t h e  p r o v i d e d  samples was 
n o t  determined,  i t  i s  p o s s i b l e  t h a t  t h e  temperature achieved d u r i n g  combustion 
d i d  n o t  correspond t o  t h e  tempera ture  necessary t o  syn thes i ze  Sic. 
of t he  temperature ach ieved d u r i n g  combustion i s  e s s e n t i a l  t o  c o n t r o l l i n g  t h e  
end-products produced. However, as t h e  model ing assumed o n l y  s imp le  b i n a r i e s  
were formed, i t  i s  l i k e l y  t h a t  t h e  s t a b i l i t y  diagrams a r e  i n c o r r e c t  no m a t t e r  
what temperature was ach ieved d u r i n g  combustion. 

C o n t r o l  

ANALYSIS OF NICKEL ALUMINIDE SAMPLES 

I t  was hoped t h a t  a n a l y s i s  o f  n i c k e l  a lum in ide  samples which had been 
i g n i t e d  from e i t h e r  t h e  t o p  or bo t tom would h e l p  determine i f  g r a v i t y  had an 
e f f e c t  on t h e  SHS process .  
occu rs  upon combustion i n  t h i s  sys tem.  The h i g h e s t  m e l t i n g  tempera ture  for 
t h i s  system o f  compounds i s  for  t h e  equ imolar  compound N i A 1 ,  1638 " C .  A s  the  
a d i a b a t i c  temperature i s  r e p o r t e d  as 1650 "C ( r e f .  8>, a l i q u i d  phase shou ld  
occu r  w i t h  combustion. The presence o f  a l i q u i d  phase would i nc rease  the  
l i k e l i h o o d  o f  g r a v i t y  p l a y i n g  a ro le  i n  t h i s  process v i a  b u l k  flow. If micro-  
s t r u c t u r e s  o f  samples i g n i t e d  from the  t o p  were d i f f e r e n t  than those i g n i t e d  
from t h e  bottom, i t  was f e l t  t h a t  t h i s  would be ev idence t h a t  g r a v i t y  p layed  
a r o l e .  F u r t h e r  i n v e s t i g a t i o n  would then be war ran ted .  If no change i n  t h e  
m i c r o s t r u c t u r e  was observed,  t hen  i t  was u n l i k e l y  t h a t  g r a v i t y  p layed  a s i g -  
n i f i c a n t  r o l e  i n  t h i s  p rocess .  Two samples each o f  f o u r  N i - A 1  compos i t ions  
were examined by x- ray  powder d i f f r a c t i o n ,  o p t i c a l  microscopy,  scanning e l e c -  
t r o n  microscopy and e l e c t r o n  mic roprobe.  One sample was i g n i t e d  so t h a t  t h e  
combust ion wave t r a v e l e d  from t h e  t o p  to  t h e  bo t tom o f  t h e  sample. The o t h e r  
was i g n i t e d  a t  t he  bo t tom so combust ion propagated from bot tom t o  top .  The 
ex,pected r e a c t i o n s  w e r e :  

N i c k e l  a lum in ides  were chosen because m e l t i n g  

( 1  1 N i  + A l + N i A l  

( 2 )  2Ni+3Al+NizA13 

( 3 )  3Ni+Al+Ni3Al 

(4) Ni+3Al+NiA13 

Samples were e v a l u a t e d  a t  NASA f o l l o w i n g  combust ion a t  LANL. Each sam- 
p l e  was sec t i oned  th rough  t h e  c e n t e r  from t o p  t o  bot tom. H a l f  o f  each spec i -  
men was mounted and p o l i s h e d  and t h e  o t h e r  was ground t o  a powder and x-rayed. 
Table I 1  shows t h e  d i f f r a c t i o n  r e s u l t s  f o r  each r e a c t i o n .  The expected end- 
p roduc ts  were p r e s e n t .  However, i n  these r e a c t i o n s  as i n  t h e  p r e v i o u s  compo- 
s i t i o n s  examined, a d d i t i o n a l  phases were p r e s e n t .  No e f f e c t  of t h e  d i r e c t i o n  
o f  t h e  combustion wave was apparent  from powder d i f f r a c t i o n  d a t a  o b t a i n e d  
from powder taken from the  t o p  or bot tom o n l y  o f  each specimen. I n  a coup le  
o f  samples, s l i g h t  d i f f e r e n c e s  i n  t h e  i n t e n s i t y  or t ype  o f  phases p resen t  was 
observed,  b u t  f u r t h e r  i n v e s t i g a t i o n  would be necessary to  determine if t h i s  
was a r e s u l t  o f  combustion d i r e c t i o n  or s i m p l y  a r e s u l t  o f  inhomogenei ty  i n  
t h e  sample. I n i t i a l  a n a l y s i s  o f  t h e  p o l i s h e d  m i c r o s t r u c t u r e s  found no c l e a r  
i n d i c a t i o n  o f  g r a v i t y  e f f e c t s .  Specimens o f  i d e n t i c a l  compos i t ion  i g n i t e d  i n  
d i f f e r e n t  d i r e c t i o n s  had s i m i l a r  b u t  n o t  i d e n t i c a l  g ross  m i c r o s t r u c t u r e s .  An 
example i s  shown i n  f i g u r e  5 .  I t  was a l s o  found t h a t  m i c r o s t r u c t u r e s  can 
v a r y  w i d e l y  ove r  a smal l  a rea  w i t h  a b r u p t  t r a n s i t i o n s  from one t y p e  of i 
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m i c r o s t r u c t u r e  t o  another .  An example o f  t h i s  i s  shown i n  f i g u r e  6.  T h i s  
type  of t r a n s i t i o n  occurs  th roughout  a l l  o f  the  samples. 
t i o n s  i n  compos i t i on  on a f i n e  sca le  a re  shown i n  f i g u r e  7 .  E l e c t r o n  mic ro-  
probe i d e n t i f i e d  t h e  phases i n  t h i s  n o m i n a l l y  NiA13 sample as unreac ted  A1  
for the  l i g h t e s t  phase, Ni2A13 as the  d a r k e s t  phase and t h e  medium g ray  phase 
as NiA13. 

Cont inued examinat ion  revea led  t h a t  specimens o f  d i f f e r e n t  compos i t ions ,  
b u t  w i t h  t h e  same d i r e c t i o n  o f  combustion p ropaga t ion ,  e x h i b i t e d  one t h i n g  i n  
comnon. Samples which were i g n i t e d  a t  t h e  bo t tom so t h a t  t h e  combustion wave 
propagated i n  an upwards d i r e c t i o n  showed a g r e a t e r  degree o f  pore  coa les-  
cence than  t h e  samples i g n i t e d  a t  t h e  top .  An example o f  t h i s  e f f e c t  i s  
shown i n  f i g u r e  8. No g r a d i e n t  i n  t h e  pore  s i z e  or pore  number from t o p  t o  
bottom w i t h i n  each sample was found.  A t  low m a g n i f i c a t i o n ,  t h e  sample com- 
bus ted  from t o p  t o  bo t tom does n o t  e x h i b i t  t h e  v e r y  l a r g e  pores p resen t  i n  
t h e  sample combusted from bot tom t o  top .  H igher  m a g n i f i c a t i o n  photos show 
t h a t  on a f i n e  sca le ,  t h e  sample combusted from bot tom t o  t o p  has much l e s s  
p o r o s i t y  than t h e  accompanying sample. However, c a r e f u l  a n a l y s i s  has shown 
t h a t  t h e  o v e r a l l  p o r o s i t y  o f  t h e  two specimens i s  t h e  same. One expec ts  
p o r o s i t y  t o  occur  w i t h  SHS p rocess ing  as gases adsorped o n t o  t h e  s t a r t i n g  
powders su r faces  must be re leased  i n  someway. 
coa lesce t o  cause a r e d u c t i o n  i n  su r face  energy.  

An example o f  v a r i a -  

Also, pores  n a t u r a l l y  want t o  

Th is  apparent  g r a v i t y  e f f e c t  suppor ts  t h e  mode l ing  r e s u l t s  by Valone 
e t  a l .  ( r e f .  3 )  who found t h a t  g r a v i t y  does n o t  i n f l u e n c e  t h e  k i n e t i c s  o f  t h e  
combustion r e a c t i o n ,  b u t  p r e d i c t e d  an e f f e c t  o f  g r a v i t y  on t h e  r e s u l t a n t  
m i c r o s t r u c t u r e .  Ac tua l  m i c r o s t r u c t u r a l  a n a l y s i s  i s  i n  agreement w i t h  t h i s  
p r e d i c t i o n .  Specimens burned i n  an upward d i r e c t i o n  have a much coa rse r  pore  
s t r u c t u r e  than those specimens burned i n  a downward d i r e c t i o n .  
reasonab ly  expec t  t h a t  specimens produced i n  low g r a v i t y  c o n d i t i o n s  would 
have f i n e r  pores than those produced on e a r t h .  
p o r o s i t y  i s  n o t  changed, the  impor tance o f  t h i s  w i l l  depend on t h e  a p p l i c a -  
t i o n  o f  t h e  p roduc t .  

Thus one may 

But  as o v e r a l l  percentage o f  

EFFECT OF GREEN MICROSTRUCTURE 

An i n t e r e s t  i n  t h e  e f f e c t  o f  green m i c r o s t r u c t u r e  on t h e  f i n a l  m ic ro-  
s t r u c t u r e  o f  combusted samples l e a d  t o  development o f  t h e  c a p a b i l i t y  t o  com- 
b u s t  samples a t  NASA Lewis.  The m i c r o s t r u c t u r e s  o f  c o n v e n t i o n a l l y  processed 
green bod ies  a r e  known t o  have a l a r g e  a f f e c t  on t h e i r  f i n a l  m i c r o s t r u c t u r e s  
( r e f .  1 1 ) .  I t  was wondered i f  t h i s  was t h e  case as w e l l  w i t h  SHS. S t a r t i n g  
powders o f  T i  and C were e i t h e r  mixed by p l a c i n g  t h e  powders i n  a 0.5 l i t e r  
p o l y e t h y l e n e  m i l l  w i t h  a h a l f  dozen m i l l i n g  media, b u t  w i t h o u t  m i l l i n g  f l u i d ,  
or i n  a s i m i l a r  arrangement b u t  w i t h  i s o p r o p y l  a l c o h o l  as a m i l l i n g  f l u i d .  
The second method i s  a commonly used method o f  p r e p a r i n g  powders for d r y  
p r e s s i n g  ( r e f s .  1 1  and 12 ) .  Both were m i l l e d  f o r  24 h r .  The s l u r r y  was 
d r i e d  i n  a pan on a h o t  p l a t e  p r i o r  t o  d r y  p r e s s i n g .  C y l i n d r i c a l  p e l l e t s  
were pressed and l a t e r  combusted. 
w i t h o u t  a m i l l i n g  f l u i d  p resen t  would e x h i b i t  a l e s s  u n i f o r m  green m i c r o s t r u c -  
t u r e  than the  o t h e r  specimens and t h i s  was indeed the  case. 
t h a t  some o f  t he  combusted specimens o f  T i c  t h a t  had been made w i t h o u t  m i l l i n g  
f l u i d ,  showed ev idence o f  p r e s s i n g  l a m i n a t i o n s  p e r s i s t i n g  i n  t h e  combusted 
m i c r o s t r u c t u r e  ( f i g .  9). I n  some cases, these l a m i n a t i o n s  h a l t e d  t h e  combus- 
t i o n  f r o n t .  Th is  d i d  n o t  occur  i n  samples t h a t  had been m i l l e d  i n  a f l u i d .  
Work i n v o l v i n g  the  i n t r o d u c t i o n  o f  seeded laminae con f i rmed  t h i s  h a l t  o f  t h e  

I t  was expected t h a t  t h e  specimens m i l l e d  

I t  was observed 
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combustion f r o n t  by l a m i n a t i o n s .  
t h i n  p ieces  o f  p l a s t i c  i n t o  t h e  powder w i t h i n  a d i e  p r i o r  t o  p r e s s i n g  a p e l -  
l e t .  L o c a t i o n  o f  the  p l a s t i c  was c a r e f u l l y  no ted  f o r  each sample. Lamina- 
t i o n s  e l i m i n a t e d  t h e  c o n t a c t  a rea  between p lanes  o f  p a r t i c l e s .  

Laminat ions  w e r e  i n t r o d u c e d  by i n s e r t i n g  

I t  was a l s o  found t h a t  a more u n i f o r m  and r e p r o d u c i b l e  m i c r o s t r u c t u r e  
was o b t a i n e d  by combusting samples w i t h i n  a s p r i n g  loaded g r a p h i t e  d i e .  
s i b l y  t h i s  was because t h e  g r a p h i t e  d i e  r e t a i n e d  much o f  t h e  heat  generated 
by combustion and the reby  p r o v i d e d  the  samples w i t h  a more u n i f o r m  thermal  
env i ronment .  

Pos 

CONCLUDING REMARKS 

The techn ique of  s e l f - p r o p a g a t i n g  h igh- tempera ture  syn thes i s  was i n v e s t i -  
ga ted  t o  determine whether t h i s  techn ique f u l f i l l e d  NASA needs for h i g h  tem- 
p e r a t u r e  s t r u c t u r a l  m a t e r i a l s  as w e l l  as f o r  space and l u n a r  m a t e r i a l s .  I n  
one e f f o r t ,  i t  was found from m i c r o s t r u c t u r a l  and XRD a n a l y s i s  t h a t  i n i t i a l  
a t tempts  t o  use exothermic  dopants t o  produce Sic based composites w e r e  n o t  
success fu l .  I t  was concluded t h a t  s i m p l i f i e d  model ing by Behrens and Brush 
( r e f .  10) d i d  n o t  c o r r e c t l y  p r e d i c t  t h e  phases p resen t .  

The second e f f o r t  under taken,  to  observe i f  t h e r e  was an e f f e c t  of 
g r a v i t y  on t h e  m i c r o s t r u c t u r e s  o f  combusted samples, was more success fu l .  
Larger  pores  were e v i d e n t  i n  samples which were i g n i t e d  a t  t h e  bo t tom so t h a t  
t h e  combust ion wave propagated  from t h e  bo t tom t o  t o p  o f  t h e  sample, a g a i n s t  
g r a v i t y ,  t han  i n  samples i g n i t e d  a t  t h e  t o p  so t h e  combustion wave propagated 
from t o p  t o  bot tom. No v a r i a t i o n  i n  pore s i z e  o r  pore  d e n s i t y  was observed 
from bot tom to  t o p  w i t h i n  any sample. 
has an e f f e c t  on pore  s i z e  d i s t r i b u t i o n ,  b u t  n o t  on o v e r a l l  p o r o s i t y ,  phase 
compos i t i on  or d i s t r i b u t i o n .  Mode l ing  by D r .  Steven Valone a t  LANL ( r e f .  2 )  
appear t o  i n d i c a t e  t h i s  same minor  r o l e  for g r a v i t y ' s  i n f l u e n c e  as w e l l .  
These r e s u l t s  suggest t h a t  a low g r a v i t y  env i ronment  i s  d e s i r a b l e  for SHS pro-  
duced m a t e r i a l s  which m e l t  d u r i n g  combustion. 

I n  a t h i r d  e f f o r t ,  green m i c r o s t r u c t u r e  which i s  known to  have a s i g n i f i -  
c a n t  a f f e c t  on s t r u c t u r a l  ceramics ,  was a l s o  found t o  be i m p o r t a n t  for ce r -  
t a i n  SHS r e a c t i o n s  as w e l l .  F a b r i c a t i o n  l a m i n a t i o n s  were found to  impede t h e  
SHS r e a c t i o n  o f  T i + C .  However, improv ing  green m i c r o s t r u c t u r e  i n  Ti+C SHS 
samples was found to  l e a d  t o  a more u n i f o r m  combusted m i c r o s t r u c t u r e .  Th is  
s tudy  a l s o  showed t h a t  an improved m i c r o s t r u c t u r e  can be o b t a i n e d  by enc los-  
i n g  samples i n  a g r a p h i t e  d i e  d u r i n g  combustion i n  o r d e r  t o  m a i n t a i n  a u n i -  
form tempera ture  for a l o n g e r  t i m e  than would be o b t a i n e d  w i t h o u t  t h e  d i e .  

These r e s u l t s  i n d i c a t e  t h a t  g r a v i t y  

REFERENCES 

1 .  Holt, J .B . ;  and Mun i r ,  Z . A . :  The F a b r i c a t i o n  O f  Sic, Si3N4, and A 1 N  by 
Combustion Syn thes i s .  Ceramic Components for Engines, S .  Somiya, E .  
Kanai ,  and K .  Ando, e d s . ,  E l s e v i e r ,  1983, pp.  721-728. 

2 .  Hol t ,  J .B . :  Exothermic Process Y i e l d s  R e f r a c t o r y  N i t r i d e  M a t e r i a l s .  I n d .  
Res .  Dev., v o l .  25, no. 4, Apr .  1983, pp. 88-91. 

I 8 



3. Valone, S.M.; and Behrens, R.G.:  S o l i d - s t a t e  Combustion Synthes is  o f  
Ceramics And A l l o y s  i n  Reduced G r a v i t y .  NASA CR-4163, 1988. 

4 .  Yamada, 0.; Miyamoto, Y . ;  and Koizumi,  M.:  H igh Pressure  Self-Combustion 
S i n t e r i n g  o f  S i l i c o n  Carb ide .  Am. Ceram. SOC. B u l l  . ,  v o l .  64, no. 2 ,  
Feb. 1985, pp. 319-321. 

5. Yamada, 0.; Miyamoto, Y . ;  and Koizumi ,  M. :  S e l f - p r o p a g a t i n g  
High-Temperature Synthes is  o f  Sic. J. Mater .  Res., v o l .  1 ,  no.  2,  
Mar . /Apr .  1986, pp. 275-279. 

S i l i c a  i n  a High-Temperature Ro ta ry  Furnace. J .  Am. Ceram. SOC.,  v o l .  66, 
no. 7, J u l y  1983, pp. C l l l -C113.  

6. Wei, G.C.T.: Be ta  S I C  Powders Produced by  Carbothermic Reduct ion of 

7 .  Evans, A.G. :  Toughening Mechanisms i n  Z i r c o n i a  A l l o y s .  F r a c t u r e  i n  
Ceramic M a t e r i a l s ,  A.G. Evans, ed. ,  Noyes P u b l i s h i n g ,  Park Ridge, NJ, 
1984, pp. 193-212. 

8 .  P h i l p o t ,  K . A . ;  Mun i r ,  Z . A . ;  and Holt,  J.B.: An I n v e s t i g a t i o n  o f  t h e  
Synthes is  o f  N i c k e l  A lumin ides  Through Gasless Combustion. J .  Mater .  
S c i . ,  vol. 22, no. 1,  Jan. 1987, pp. 159-169. 

9 .  R ice ,  R.W., e t  a i . :  E f f e c t s  o f  Se l f -p ropaga t ing  Syn thes i s  Reactant  
Compact Charac ter  on I g n i t i o n ,  Propagat ion ,  and M i c r o s t r u c t u r e .  Adv. 
Ceram. Mater . ,  v o l .  2, no. 3A, J u l y  1987, pp. 222-227. 

10. Behrens, R.G.;  and Brush, H.T . :  Thermochemical Mode l ing  o f  Ceramic 
Systems Formed by Combustion. LA-UR-86-751, Los Alamos N a t i o n a l  Lab, O c t .  
1985. 

11. Hurs t ,  J.B.;  and Dut ta ,  S . :  Simple Process ing  Method f o r  H igh  S t r e n g t h  
S i l i c o n  Carb ide .  J .  Am. Ceram. SOC., v o l .  70, no. 1 1 ,  Nov. 1987, 
pp. C303-C308. 

12. Hurs t ,  J.B.; and M i l l a r d ,  M. :  E v a l u a t i o n  o f  Alpha Sic S i n t e r i n g  Us ing  
S t a t i s t i c a l  Methods. J. Am. Ceram. SOC., v o l .  68, no.  7,  J u l y  1985, 
pp. C178-C181. 

9 



TABLE I .  - X-RAY RESULTS OF CERAMIC SYSTEMS 

Y - S i  -C-0 

Z r - S i  -C-0 

Ni  - Z r - S i  -C-0 

~~ ~ I System I Proposed r e a c t i o n  

4Y+3Si02+3C+2Y203+3SiC 

Zr+Si  02+C+Zr02+Si C 

S i  +2Ni O+Zr+C+Si C+Zr02+2Ni 

R e a c t i o n  

N i  +A1 +Ni A1 
N i  +A1 +N i A1 

2 N i + 3 A l + N i ~ A 1 3  
2Ni+3Al+NizA13 

X-ray r e s u l t s  

X-ray r e s u l t s  

N i A 1 ,  A13Nj ( m i n o r  p h a s e )  
N i A 1 ,  A13N1 ( m i n o r  p h a s e )  

N i A 1 ,  A1 N i  ( m i n o r  p h a s e )  
A13Ni2 ,  A 1 3 8 i ,  A1 ( m i n o r  p h a s e )  

Y20 ( m a j o r  p h a s e )  
Y $ i  2 ( 11-324) 
YSi2  (11-596)  

Z r  
C 

Z r 0 2  ( m o n o c l i n i c )  
Z r c  

Unknown, l o w  i n t e n s i t y  
d-2.04 ( N i )  

TABLE 11. - X-RAY RESULTS ON Ni-A1 COMPOSITI~ONS 
~ 

D i r e c t i o n  o f  
c o m b u s t i o n  

~~~ ~ 

Top t o  b o t t o m  
B o t t o m  t o  t o p  

Top t o  b o t t o m  
B o t t o m  t o  t o p  

Top t o  b o t t o m  
B o t t o m  t o  t o p  

Top t o  b o t t o m  
B o t t o m  t o  t o p  

REACTION 1. 4Y+3S102+3C 

3Ni +A1 +Ni 3A l  
3 N i + A l + N i 3 A l  

N i  3A l  
N i  3 A l  

N i  +3A1 +NiA13 
N i  +3A1 +Ni A1 3 

N i A 1 3 ,  A13Nj2,  A1 
N i A 1 3 ,  A l3N12,  A1 I 

REACTION 2 .  SIO~+C+ZR GRAY IS 
POROSITY, WHITE IS DENSE PHASE 

REACTION 3, S I + ~ N I O + Z R + C  

FIGURE 1. - OPTICAL MICROGRAPHS OF COMPOSITE MATERIALS FROM REACTIONS 1 THRU 3. 

* 
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. 

BSE Y ITTR IUM 

SILICON CARBON 

OXYGEN T A  

(A)  SELECTED AREA FROM MICROSTRUCTURE OF REACTION 1 

FIGURE 2. - DOT MAPPING FROM REACTION 1, llY+3S102+3C. 
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BSE Y ITTR I U f l  

S IL ICON CARHON 

OXYGI N T A  

(B) SELECrED AREA FROM MICROSTRUCUTRE OF REACTION 1. 

FIGURE 2. - CONCLUDED. 
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SI1 ICON 

OXYGEN 

BSE 

CARRON 

L R  

FIGURE 3. - DOT HAPPING FROM REACTION 2. S102+C+ZR. 
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RSF L R  

S I t .  ICON LARHON 

OXYbtN  Nr  

( A )  SELECTED AREA FROM MICROSTRUCTURE OF REACTION 3. 

FIGURE 4. - DOT MAPPING FROM REACTION 3, Sl+2NIO+ZR+C. 
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S 11. ICON CARBON 

OXYGEN N I  

(B) SELECTED AREA FROM MICROSTRUCTURE OF REACTION 3. 
FIGURE 4. - CONTINUED. 
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BSE ZR 

SILICON CARBON 

OXYGEN NI 

(C) SELECTED AREA FROM MICROSTRUCTURE OF REACTION 3.  

FIGURE 4. - CONCLUDED. 
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W 

3 
P 

+ 
TOP 2 BOTTOM 

B 
0 

BOTTOM TOP 

FIGURE 5. - COMPARISON OF MICROSTRUCTURES IN ~ N I + ~ A L  SAMPLES IGNITED FROM DIFFERENT DIRECTIONS 

FIGURE 6. - EXAMPLE OF ABRUPT TRANSITION IN MICROSTRUCTURE 



FIGURE 7. - IDENTIFICATION OF PHASES I N  A N I A 1 3  SAMPLE. THE LIGHTEST PHASE IS A I ,  DARKEST 
PHASE IS N i 2 A l j .  THIRD PHASE IS N i A I 3 .  

COMBUSTED FROM BOTTOM TO TOP COMBUSTED FROM TOP TO BOTTOM 

FIGURE 8 .  - EXAMPLE OF THE AFFECT OF COMBUSTION DIRECTION ON PORE S I Z E  FOR REACTION 3 
(Ni  j A l  ) . 
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FIGURE 7. - I D E N T I F I C A T I O N  OF PHASES I N  A NIA13 S N I P L E .  THE LIGHTEST PHASE IS A I ,  DARKEST 
PHASE IS N i 2 A 1 3 .  THIRD PHASE IS N i A I 3 .  

COMBUSTED FROM BOTTOM TO TOP COMBUSTED FROM TOP TO BOTTOM 

FIGURE 8. - EXAMPLE OF THE AFFECT OF COMBUSTION DIRECTION ON PORE S I Z E  FOR REACTION 3 
( N i  3Al  ) .  
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FIGURE 9. - PRESSING LAMINATIONS W H I C H  PERSIST I N  THE CCflBUSTED 
MICROSTRUCTURE. 
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